Translation of the bacteriophage Mu mom gene is positively regulated by the phage com gene product  by Wulczyn, F.Gregory et al.
Cell, Vol. 57, 1201-1210, June 30, 1989, Copyright 0 1989 by Cell Press 
Translation of the Bacteriophage Mu mom Gene Is 
Positively Regulated by the Phage corn Gene Product 
F. Gregory Wulczyn, Michael Biilker, 
and Regine Kahmann 
lnstitut fur Genbiologische Forschung Berlin GmbH 
lhnestrasse 63 
D-1000 Berlin 33 
Federal Republic of Germany 
Summary 
Expression of the bacteriophage Mu mom gene is sub- 
ject to posttranscriptional regulation by the phage 
corn gene product. We have used mom-/acZ transla- 
tional fusion genes to define the sequence require- 
ments for stimulation of mom expression by Corn. We 
show that the mom translation initiation region (TM) 
is inactive in the absence of Corn. We suggest that this 
repressed state Is due to mFlNA secondary structure 
in the TIR, since a deletion that destabilizes a stem- 
loop structure in the TIR results in high levels of Com- 
independent translation. We identify sequences on 
the mRNA, adjacent to the stem and loop, that are re- 
quired for stimulation by Corn. We propose that Corn 
acts to stimulate initiation of translatton by relieving 
the structural repression of the mom TIR. Indirect evi- 
dence is presented suggesting that Corn binds to a 
site in the TIR. 
Introduction 
Among the various forms of posttranscriptional regulation 
acting on prokaryotic gene expression, the control of 
translational initiation assumes a central role (for reviews 
see Gegenheimer and Apirion, 1981; Belasco and Hig- 
gins, 1988; Gold, 1988). Although the signals on the 
mRNA responsible for the efficiency of initiation are not 
entirely understood, both sequence-specific signals and 
mRNA secondary structure are known to be involved 
(reviewed in Gold et al., 1981; Stormo, 1986). 
In addition, translation can be controlled by interactions 
between regulatory proteins and specific sites on the 
mRNA molecule. Classic examples include the repression 
of phage R17 replicase gene translation by the phage coat 
protein (Spahr et al., 1969) and autoregulation by the gene 
32 protein of phage T4 (Lemaire et al., 1978). A number 
of ribosomal proteins exert negative regulatory effects 
on their respective operons at the translational level by 
binding to sites in the translation initiation region (TIR) 
(reviewed in Nomura et al., 1984). The phage T4 regA 
gene product binds not only its own mRNA but also heter- 
ologous T4 transcripts that contain specific recognition 
signals, and in so doing prevents initiation of translation 
(Winter et al., 1987). A common feature of the prokaryotic 
systems described thus far is that the protein-mRNA in- 
teraction represses initiation. A similar mechanism has 
been implicated in the translational regulation of the eu- 
karyotic ferritin mRNA (Leibold and Munro, 1988; Rouault 
et al., 1988). 
We have been studying posttranscriptional regulation of 
the mom gene of the temperate bacteriophage Mu. The 
mom gene encodes a DNA modification function that con- 
fers resistance to a variety of host restriction endonucle- 
ases (Toussaint, 1976). Constitutive mom expression is 
detrimental to the host, and premature expression during 
Mu lytic development decreases phage burst size (Kah- 
mann et al., 1985). Consequently, the mom gene is sub- 
ject to intricate control, both at the level of transcription ini- 
tiation (reviewed by Kahmann and Hattman, 1987) and at 
a previously undetermined step thereafter (Kahmann et 
al., 1985; Hattman et al., 1987; Wulczyn and Kahmann, 
1987); both levels of control act to limit mom expression 
to the final phase of Mu development. 
The corn gene product has been shown to be responsi- 
ble for posttranscriptional regulation. corn is the first gene 
of the mom operon; the C-terminal half of corn overlaps, 
in a separate reading frame, the N-terminal end of the 
mom gene. Sl nuclease analysis (Plasterk et al., 1984; 
Hattman and Ives, 1984) as well as primer extension ex- 
periments (Btilker et al., 1989), has shown that the two 
genes are cotranscribed from a single promoter located 
just upstream of corn (see Figure 1A). Northern blotting of 
phage mRNA identified a single major transcript with a 
coding capacity for both genes. 
Previous experiments have shown that an intact corn 
gene is required for efficient expression of mom. mom op- 
erons carrying mutations in corn can be complemented by 
corn in trams, indicating that corn encodes a regulatory 
protein. The Corn protein is composed of 62 amino acids 
and has a predicted pKI of 9.2. Use of a T7 polymerase- 
dependent expression vector has recently allowed spe- 
cific labeling of a protein from the corn gene with the 
expected size of about 7 kd (F. G. W., unpublished data). 
Furthermore, Corn-specific antibodies have been isolated 
and found to react in Western blots with a m7 kd protein 
expressed in the late phase of Mu development (A. Seiler 
and F. G. W., unpublished data). 
A number of studies have addressed the mechanism of 
Corn-dependent mom expression. Replacement of the 
mom promoter with foreign promoters does not relieve the 
requirement for Corn, and Corn does not increase mom 
promoter activity (Kahmann et al., 1985; unpublished 
data). Two studies have ruled out the possibility that Corn 
functions as an antiterminator protein (Hattman et al., 
1987; Wulczyn and Kahmann, 1987). Analysis of mom op- 
eron mRNA from Corn+ and Corn- phage revealed that 
regulation by Corn is accompanied by an increase in the 
transcript’s stability, since cells carrying Corn+ phage ac- 
cumulated about 20 times more full-length transcript than 
cells carrying Corn- phage (Wulczyn and Kahmann, 
1987). 
In this study we present experiments designed to dis- 
tinguish between enhanced translation and enhanced 
Open access under CC BY-NC-ND license.
Cell 
1202 
pTREH2 2172 
pTSVl1 
ml 467 2956 
,-+----l 1 1 
pTRER1 12056 14609 
pTRER2 246 1134 
pTRERlx 
TAG 
44 35 
pTRER2x 
pComLacZ 1 InI ,~ ‘m 1 629 704 
I 
Figure 1. The Effect of Corn on mom-/acZ Expression 
(A) The mom operon of the plasmid pMu1034 is represented schemati- 
cally, with the positions of restriction sites mentioned in the text indi- 
cated. The white box represents pBR322 DNA, the corn gene is black, 
the mom ORF is dark gray. Upstream sequences from mom, including 
the mRNA leader, are in light gray. Numbering refers to base pairs from 
the Mu right end, which by convention is denoted 1. The mom gene 
extends to position 115. The mRNA initiation site at position 97l (Balker 
et al., 1989) is represented by an arrow. E = EcoRI, C = Clal, L = 
Bell. M = Maelll, F = Fokl, B = Bsml, l-l = Haelll, X = BstXI. A = 
Alul. and R = Rsal. 
(6) mom-laci! fusion plasmids generated for this study. The color 
scheme from (A) is retained; the white arrow represents the lacUV5 
promoter, the white box the /acZ gene derived from the vector. The po- 
sition of the deletion in Acorn9 is indicated (A9). 8Galactosidase activ- 
ity is in Miller units as determined by the method of Betz and Sadler 
(1976); see also Experimental Procedures. E = EcoRl and S = Smal, 
the cloning sites on the vectors used. 8Galactosidase activity from 
pTSVl1 was determined as a negative control. 
(C) Plasmids used for the investigation of mRNA stability and process- 
ing. The position of an artificial amber codon in mom is shown, Num- 
bers to the right refer to 6-galactosidase activity. 
mRNA stability as the direct cause of the greater accumu- 
lation of mom mRNA in Corn+ conditions. The results in- 
dicate that Corn acts as a translational activator for mom 
mRNA. In addition, sequences on the mom mRNA mole- 
cule are identified that contribute to the inefficient initia- 
tion of mom translation, and adjacent sequences are 
shown to be required for Corn to overcome this inhibition. 
Together, the results allow a coherent picture to be drawn 
in which binding of Corn to the mom mRNA governs the 
conversion of the mom TIR from an inactive to an active 
state. 
Results 
Corn Stimulates Expression of a mom-lacZ 
Fusion Gene 
To allow a simple assay for the effect of Corn on mom gene 
expression, we made use of the pTSV series of transla- 
tional fusion vectors constructed by Wyckoff et al. (1986). 
The vectors contain a /acZ gene that lacks both an initia- 
tion codon and a Shine-Dalgarno sequence. The cloning 
sites have been engineered to allow fusion of the desired 
reading frame in the cloned fragment to /acZ. Translation 
of the hybrid protein is thus dependent on initiation sig- 
nals carried on the cloned fragment; transcription is 
directed by the lacUV5 promoter on the vector (see Figure 
16). 
As a first step, EcoRI-Haelll fragments from the plas- 
mids pMu1034 and pMu1034Acom9 were cloned into 
pTSVl1 to yield the mom-/acZ fusion plasmids pTREH1 
and pTREH2 (see Figure 1B and Experimental Proce- 
dures). The point of fusion between mom and /acZ at Mu 
position 752 lies 12 bp downstream of the corn UGA 
codon. The fragment from pMu1034 carries an intact corn 
gene, whereas the corn gene of pMu1034Acom9 carries 
a 9 bp deletion in corn upstream of mom coding se- 
quences. The mom promoter present on both fragments 
is inactive under the assay conditions used, since it is de- 
pendent on the Mu gene C product (Plasterk et al., 1983; 
Hattman et al., 1985; Heisig and Kahmann, 1986). 
To test the effect of Corn on the expression of mom-IacZ 
fusion genes, we constructed a corn expression plasmid 
using the compatible plasmid pACYC184. The plasmid, 
pCom4, carries the corn gene fused to the constitutive 
tetracycline gene promoter (see Experimental Procedures 
for details). Expression of the hybrid genes was assayed 
in Escherichia coli MC1061 cells carrying either pCom4 
(Corn+) or pACYC177 (Corn-). 
j%Galactosidase values obtained with pTREH1 and 
pTREH2 are given in Figure 16. In the Corn- strain ap- 
proximately 25-fold greater mom-/acZ expression was ob- 
served when the fusion plasmid carried an intact corn 
gene. Supplying Corn in frans from a second plasmid had 
no significant effect on expression from pTREH1. The 
Acorn9 clone pTREH2, however, showed an approxi- 
mately 4-fold increase in expression compared with the 
Corn- strain. Although complementation of the Com- 
clone is not complete, the results show that constructions 
defective in corn are stimulated by Corn in trans. We there- 
fore used mom-/acZ fusions to determine the sequence 
requirements for stimulation of mom-/acZ expression by 
Corn. 
Corn Stimulates Expression of mom in Trsns from 
Transcripts Deleted for the 5’ and 3’ Ends of corn 
The results with pTREH1 and pTREH2 show that mom se- 
quences downstream of position 752 are not required for 
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Figure 2. Fine Deletion Analysis of the mom TIR 
The sequence of the mom TIR is shown in the first line, in triplets corresponding to the mom reading frame. Possible initiation codons (see text) 
are underlined. Sequence coordinates follow the Mu convention from right to left, with 1 being the first base of the Mu right end. Arrows indicate 
an inverted repeat. Mu sequences are given in uppercase letters. For pTRCSll and pTRCBl the entire mom sequence as fused to the /acZ gene 
of the pTSV vector is shown; for the other plasmids the dotted lines indicate that mom sequences extend to the Alul (position 7.24) fusion point. 
The nucleotides deleted in plasmid pTRMAA2 are denoted by filled circles (see Experimental Procedures for details of cloning). The vector-derived 
5’ mRNA leader common to all plasmids is shown in the bottom line; additional bases arising from the cloning procedures are depicted for the in- 
dividual plasmids (lowercase letters). f%-Galactosidase activity is in Miller units as determined by the method of Betz and Sadler (1979) (see Experimen- 
tal Procedures). 
stimulation by Corn. The next step was to ask what se- 
quences upstream of the mom gene are necessary. We 
made use of plasmids PA-3, PA-4, and PC-2, which carry 
deletions upstream of the mom gene to positions 876,871, 
and 864, respectively (Adley and Bukhari, 1984). The 5’ 
ends of the mom genes from these plasmids were isolated 
and fused to /acZ at Mu position 752, the same fusion 
point used in constructing pTREH2 (see Experimental 
Procedures). The results for the derivative of PC-2, plas- 
mid pTRC-2, carrying the deletion closest to the mom 5’ 
end, are shown in Figure 1B. pTRC-2 expressed low levels 
of mom-IacZ gene product under Corn- conditions. Un- 
der Corn+ conditions expression was stimulated about 
6-fold. Very similar results were obtained for the deriva- 
tives of PA-3(12-fold stimulation) and PA-4 (Ii-fold stimula- 
tion) (data not shown). These results show that sequences 
upstream of position 864, and in particular the 5’ end of 
corn on the reporter gene, are not required for Com- 
dependent stimulation of mom-/acZ expression. 
Since the Mu fragment in pTRC-2 carries sequences 
sufficient for stimulation, we next tested the effect of dele- 
tions extending from the 3’ border of mom sequences in 
pTRC-2 toward the mom 5’end. Two further plasmids were 
constructed, carrying the same S’end as pTRC-2 but with 
/acZ fused to the mom gene at position 790 (for plasmid 
pTRCBII) or position 838 (for plasmid pTRCBI) (Figure 2). 
pTRCBll gave 8-galactosidase values of 170 in Corn- and 
1312 in Corn+ conditions. This showed that the 3’ end of 
corn, deleted in pTRCBII, is not required for stimulation, 
thus narrowing the sequences required to the 75 nucleo- 
tides (nt) between positions 864 and 790. pTRCBl directed 
only background levels of 8-galactosidase synthesis both 
in Corn- and Corn+ conditions (Figure 2). In this con- 
struction an AUG codon at position 840 is fused directly 
to /acZ, preceded by a leader identical to pTRCBll (Figure 
2). The inactivity of pTRCBl in the mom-kc2 assay com- 
pared with pTRCBll shows that sequences downstream of 
the AUG are required for mom expression. We had previ- 
ously reported that this AUG was the initiation codon for 
mom based on the Mom- phenotype of a mom operon 
deleted for 2 nt immediately downstream of the AUG 
(Wulczyn and Kahmann, 1987). Our interpretation had 
been that the deletion caused a frameshift mutation in 
mom. The results with pTRCBl and pTRCBll led us to 
reevaluate the possibility that a GUG at position 810 is the 
initiation codon for mom. 
mRNA Secondary Structure Inhibits Expression of 
mom in the Absence of Corn 
To define further the sequences required for Com- 
dependent expression of mom, additional plasmids were 
constructed in which sequences upstream of mom were 
progressively deleted. In these constructions the mom 
gene was fused to IacZ at position 724. pTRFA1 is deleted 
to position 842, pTRB-2 to position 832, and pTRC-1 to po- 
sition 822. Each of these deletions had a distinct effect on 
mom-/acZ expression (Figure 2). With pTRFA1 the ability 
of Corn to stimulate mom-/acZ expression was main- 
tained, as shown by the almost lo-fold stimulation in the 
Corn+ strain. Since the magnitude of stimulation obtained 
with pTRFA1 is very similar to that obtained with pTRCBII, 
sequences upstream of the AUG, which are deleted in 
pTRFA1, cannot be required for stimulation by Corn. A very 
different result was obtained with pTRB-2, which ex- 
pressed f3-galactosidase at the same low level in both the 
Corn+ and Corn- strains. pTRB-2 has apparently lost se- 
quences required for hansactivation. In contrast to pTRB- 
2, pTRC-1 expressed the fusion protein in both strains at 
high levels comparable to those of the Corn+ clone 
pTREH1 (Figure 2; compare with Figure 1B). 
The high level of expression from pTRC-1 demonstrated 
that the GUG can efficiently direct translational initiation. 
The difference in expression between pTRC-1 and pTRB-2 
implies that sequences between positions 832 and 823 
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Figure 3. Potential Secondary Structure in the mom TIR 
The RNA sequence from position 846 to 797 is depicted. The initiation 
codon for mom (see text) is boxed in. The 5’ ends of mom sequences 
in the deletion plasmids pTRFA1, pTRB-2, and pTRC-1 are indicated by 
large arrows. For convenience, the relative positions of protected frag- 
ments in this region observed by Sl mapping are marked by small 
arrows. 
are involved in repression of initiation at the GUG. In- 
terestingly, a computer search of the region for possible 
secondary structure revealed that sequences between 
positions 827 and 805 can be folded into a stem and loop 
structure with the GUG base paired as part of the stem 
(see Figure 3). The structure has a calculated free energy 
of -10.6 kcallmol (AG2& (Tinoco et al., 1973). In pTFtB-2 
the potential to form this stem and loop structure in the 
mRNA is unaffected; in pTRC-1 it is destroyed by the dele- 
tion of 5 nt in the stem (see Figure 3). These results impli- 
cate the stem and loop structure in the regulation of mom 
expression. 
Initiation at the GUG Leads to the Synthesis 
of an Active mom Gene Product 
To confirm that the GUG is the initiation codon for mom, 
we asked whether initiation at the GUG leads to the 
synthesis of an active Mom protein. The mom gene from 
plasmid PC-1, containing the same sequences upstream 
of the GUG as plasmid pTRC-1 (Figure 2) was cloned into 
plasmid pUC118 to yield plasmid pUCC142 (see Ex- 
perimental Procedures). The activity of the mom gene car- 
ried by pUCC142 was tested using a biological assay for 
mom expression as described in Experimental Proce- 
dures. This assay relies on the ability of Mom modification 
to protect phage DNA from host-directed restriction, and 
is expressed as the ratio of plaque-forming units on a re- 
stricting host to that on a nonrestricting host (e.o.p.). The 
e.o.p. observed with pUCC142 was 9 x lo-*, compared 
with 3 x 10e6 for the control plasmid pUC118. The value 
obtained with pUCC142 is comparable to that obtained 
with wild-type mom operon clones, which supports the 
conclusion that the GUG at position 810 is the initiation 
codon for mom. 
Sequences 5’ of the Stem and Loop Are Required 
for Stimulation by Corn 
In addition to implicating the structural context of the GUG 
in the regulation of mom expression, the results obtained 
with the deletion plaSmid pTRFA1, pTRB-2, and pTRC-1 
(Figure 2) identify sequences required for stimulation by 
Corn. These sequences lie between positions 842 and 
833 upstream of the proposed stem and loop, since pTRB- 
2 cannot be trans-activated but pTRFA1 can. We had pre- 
viously reported that a mom operon deleted for cytosines 
836 and 837 had a Mom- phenotype when tested with a 
Corn+ helper phage (Wulczyn and Kahmann, 1987). 
These 2 nt are present on pTRFA1 but are deleted in pTRB- 
2. The role of the two cytosines was reexamined using the 
/acZ assay. To this end, a restriction fragment carrying the 
2 bp deletion was cloned into pTSV11, yielding pTRMAA2, 
in which /acZ is fused in frame to the GUG (Figure 2; see 
Experimental Procedures for cloning details). As a con- 
trol, the same fragment from a wild-type mom operon was 
cloned into pTSV11, yielding pTRMA1. pTRMA1 carries all 
the information required for frans-activation, since its 
mom-IacZ fusion gene was poorly expressed in the 
Corn- strain and was efficiently stimulated in the Corn+ 
strain (Figure 2). In contrast, pTRMAA2, deleted for cyto- 
sines 837 and 836, expressed f3-galactosidase at low lev- 
els both in the Corn- and Corn+ strains. This result con- 
firms the importance of sequences upstream of the stem 
and loop for stimulation by Corn, and suggests that the 
two cytosines are part of a specific site on the mRNA re- 
quired for trans-activation. 
Corn Does Not Stabilize Untranslated 
mom-kc2 mRNA 
The results of the deletion analysis are highly suggestive 
of a role for Corn as an activator for mom translation. This 
possibility, however, had to be reconciled with the obser- 
vation that the full-length mom mRNA from Corn+ phage 
is more stable than that from phage carrying the Acorn9 
allele (Wulczyn and Kahmann, 1987). We reasoned that 
stabilization of the mom mRNA by Corn might be due to 
an increased rate of translation. If this is the case, then 
premature termination of mom translation should destabi- 
lize the mRNA even in the presence of Corn. If Corn af- 
fects mRNA stability directly, on the other hand, mRNA 
stability might be independent of downstream translation, 
as had been demonstrated for T4 gene 32 mRNA (Gorski 
et al., 1985) and for ompA mRNA (Lundberg et al., 1988; 
see also Nilsson et al., 1987). 
mom-/acZ fusion plasmids were constructed with 
EcoRI-Rsal fragments containing either an intact corn 
gene (pTRER1) or a 9 bp deletion in corn (pTRER2) (Figure 
1C and Experimental Procedures). These plasmids differ 
from plasmids pTREH1 and pTREH2 only in the extent of 
mom sequences they contain. An amber stop codon was 
then introduced in the mom reading frame at Mu position 
744, 17 bp downstream of the corn TGA. pTRERlx carries 
the stop codon and an intact corn gene, pTRER2x the stop 
codon and a 9 bp deletion in corn (Figure 1C and Ex- 
perimental Procedures). Expression of the mom-/acZ 
gene of pTRER1 and pTRER2 was very similar to that of 
pTREH1 and pTREH2, respectively. Insertion of the stop 
codon reduced expression to below 50 U for pTRERlx, 
and to 5 U for pTRER2x (Figure 1C). 
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Figure 4. Northern Blot Analysis of mom-/acZ Fusion Plasmid mRNA 
RNA was isolated from E. coli MC1061 cells, electrophoresed on a 
1.2% MOPS-formaldehyde gel, and transferred to a nylon filter (see 
Experimental Procedures). The hybridization probe was derived from 
an M13mp8 clone carrying the same EcoRI-Rsal fragment from mom 
as the plasmids to be probed. Labeling was by primer extension from 
the universal sequencing primer as previously described (Wulczyn 
and Kahmann, 1967). Migration of M13mp9 Haelll restriction frag- 
ments, visualized by hybridization to the probe, is denoted to the left. 
RNA was from cells carrying pTRER1 (lane l), pTRERlx (lane 2). 
pTRER2 (lane 3) pTRER2x (lane 4) and pTSVl1 (lane 5). The position 
of the full-length corn-mom-/acZ transcript is indicated by an arrow. 
Hybridization signals, especially in lanes 1 and 2. migrating at about 
2500 and 1600 nt are frequently observed gel artifacts presumably 
arising by the migration of rRNA. 
The effect of Corn on mRNA accumulation was ana- 
lyzed in a Northern blot of RNA prepared from cells carry- 
ing either pTRER1, pTRER2, pTFiERlx, or pTRER2x (Fig- 
ure 4). The full-length mRNA accumulated to high levels 
only in cells carrying the Corn+ clone pTRER1. The full- 
length mRNA from cells carrying pTRERlx, which is 
Corn+ but carries the amber codon in mom, is barely de- 
tectable. Clearly, Corn cannot stabilize the hybrid mRNA 
in the absence of translation across the greater part of the 
mom gene. In agreement with our previous work, there is 
no sign of Corn-dependent processing of a large precur- 
sor to yield an active mom-IacZ transcript, as judged by 
the lack of any signals, other than the full-length tran- 
script, that are larger than 3400 nt and thus large enough 
to encode the hybrid protein. An additional prominent sig- 
nal, migrating at approximately 240 nt, is seen only with 
RNA from Corn+ clones (Figure 4, lanes 1 and 2). A sig- 
nal of similar intensity at about 170 nt is obtained with RNA 
from Corn+, but not Corn-, Mu phage (Wulczyn and Kah- 
mann, 1987). The 70 nt size difference between these two 
small RNAs could be due to sequences upstream of the 
phage mRNA start that are transcribed from the lad/V5 
promoter on the plasmid (see Figure 1). If this is true, both 
the full-length mom-/acZ mRNA and the 240 nt RNA have 
the same 5’ end. This conclusion is supported by results 
obtained with a probe complementary to the 5’ end of the 
corn gene. Both mRNAs hybridized to a synthetic oligonu- 
cleotide complementary to Mu positions 952 to 912 (data 
not shown). Since this would place the 3’ end of the small 
RNA near the translational start of mom, we decided to 
map the 3’ end more precisely. 
3’ End Analysis of mom-lad Transcripts 
3’Termini of mRNA from pTRER1, pTRERlx, pTRER2, and 
pTRER2x were determined by Sl nuclease mapping 
using the fragments depicted in Figure 5C. The results are 
shown in Figure 5A. In addition to fully protected fragment, 
mRNA from the Corn+ clones pTRER1 and pTRERlx (Fig- 
ure 5A, lanes 1 and 2) gave protection of a smaller frag- 
ment. Comparison with the sequence ladder maps the 3’ 
end of this mRNA to approximately position 823, at the left 
border of the mom Shine-Dalgarno sequence. This RNA 
is not detectable in cells carrying a Corn- clone (lanes 3 
and 4) or in control cells. The use of a smaller &II-BstXI 
fragment allowed the 3’ end of the mRNA to be mapped 
more precisely: protection was observed up to positions 
823 to 820 (data not shown). We conclude that this RNA 
is responsible for the hybridization signal at 240 nt seen 
in the Northern blot (Figure 4, lanes 1 and 2). The protec- 
tion seen with Corn- RNA to positions 866 and 867, in the 
central part of the corn gene, may represent an intermedi- 
ate in 3’-5’exonucleolytic decay. The weak protection cen- 
tered around position 934 is obtained with Corn- and 
Corn+ RNA, although it is more prominent with Com- 
RNA. The 3’ ends of the RNAs giving rise to the signals 
at positions 866 and 934 lie upstream of the region re- 
quired for trans-activation (see Figure 2). 
mom mRNA Is Not Subject to Corn-Dependent 
Processing 
The 3’ end mapped to the vicinity of position 823 is poten- 
tially the result of a Corn-dependent processing event. 
The exact position of the 3’ end(s) relative to the mom 
Shine-Dalgarno sequence is not clear (see Figure 3), ow- 
ing to the ability of Sl to “nibble” the ends of a duplex 
(Shenk et al., 1975). If the Shine-Dalgarno sequence is 
left intact, processing might generate a translationally ac- 
tive mom mRNA. To test this possibility, we looked for an 
appropriate 5’ end by primer extension from a site down- 
stream of the mom translational start. Phage mRNA was 
chosen for this experiment because of the somewhat 
greater abundance of full-length mRNA under Corn- con- 
ditions, allowing this mRNA to be compared with mRNA 
from Corn+ phage. 
The results of primer extension analysis on phage 
mRNA are shown in Figure 58. Short exposures of the gel 
shown in Figure 58 revealed only the full-length cDNA, to- 
gether with a strong stop at position 866 (data not shown). 
The stop at position 866 is most likely due to a potential 
stem and loop structure adjacent to this site (data not 
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Figure 5. 3’ and 5’ Mapping of the Upstream Portion of mom Tran- 
scripts 
(A) Si mapping of 3’ends. Restriction fragments, labeled at the EcoRl 
end, that were used as probes are depicted in (C). mRNAs from the 
Corn+ clones pTRER1 and pTRERlx were probed with fragment (a), 
and mRNAs from the Corn- clones pTRER2 and pTRER2x were 
probed with fragment (b). Results are for pTRER1 (lane l), pTRERlx 
(lane 2), pTRER2 (lane 3) and pTRER2x (lane 4). As a control, RNA 
samples from cells carrying the vector pTSVl1 (Figure 1A) were probed 
with each fragment (lanes C). A G+A reaction performed on each frag- 
ment (Maxam and Gilbert, 1960) served as size marker (lanes G+A). 
Protected fragments are marked by arrows, and their positions are 
given in Mu coordinates. 
(6) Primer extension analysis of RNA from Mu lysogens. The primer 
used is described in (C). RNA was isolated 40 min after induction of 
prophage Mucts62pApl (lane 1) or Mucts62pApAcomS (lane 2). 
RNA isolated from a Mucts62pApl lysogen prior to induction was 
used as a control (lane C). Mu coordinates relevant to the text are 
given. The sequence ladder is not shown because of disproportionate 
signal strength. 
(C) Positions of the fragments used for Sl mapping and primer exten- 
sion. A map of the upstream portion of the mom operon is shown. The 
relative position of the lac promoter transcribing the mom operon in the 
plasmids used for Sl mapping is marked by an arrow (PI&. The posi- 
tion of the mom promoter transcribing phage mRNA is also shown 
(P,,,,,,). Mu coordinates are given below. The downward arrow marks 
the position of the Sl .signal at position 623. (a) represents an 
EcoRI-BstXI restriction fragment isolated from plasmid pTRER1. (b) is 
shown), since reverse transcriptase is known to encounter 
difficulties in melting secondary structure (Youvan and 
Hearst, 1979). Prolonged exposure allowed a ladder of mi- 
nor products to be seen; the pattern obtained with RNA 
from Corn+ phage is almost identical to that from Com- 
phage. Only a very weak signal is visible at the potential 
cleavage site at position 823. The signal is detected with 
mRNA from both phage, and judging by its strength is un- 
likely to represent the 5’end of an active, processed mom 
mRNA. 
An additional test for the presence of a processing site 
in the mom TIR was performed by fusing corn to /acZ at 
Mu position 890. The resulting plasmid, pComLacZ, con- 
tains all the sequences shown to be required for Com- 
dependent mom expression. Expression of the corn-IacZ 
gene of pComLacZ was almost identical under Corn- and 
Corn+ conditions (Figure 1C). This result is not consistent 
with the presence of astrong, Corn-dependent processing 
site in the mom TIR, since such a cleavage should lead 
to a reduction in corn-/acZ synthesis in the presence of 
Corn. 
Discussion 
We have used a genetic approach to gain insight into the 
mechanism of posttranscriptional mom regulation by 
Corn. In the phage the mom and corn genes overlap. 
Using a complementation assay we have shown that this 
arrangement is not required for Corn-dependent expres- 
sion of mom. Translation of corn in cis is not essential for 
this regulation, since stimulation by Corn in trans is main- 
tained when the 5’end of corn is deleted from a mom-IacZ 
fusion gene (Figure 1B). The lower levels of stimulation 
obtained when Corn is supplied in Pans versus in cis are 
most likely due to insufficient synthesis of Corn from the 
expression vector pCom4. Competition between the trans- 
activation sequences present on the corn transcript and 
those on the fusion gene mRNA might further reduce the 
amount of Corn available for stimulation. The finding that 
Corn acts in Pans on constructs lacking both the 5’ and 3’ 
ends of corn is not consistent with regulatory mechanisms 
relying on translation of the overlap, such as frameshift- 
ing, translational coupling, or repression of mom initiation 
by ribosomes transversing corn. 
The deletion analysis showed that Corn-dependent ex- 
pression requires only sequences at the 5’ end of mom. 
A deletion ending 13 nt upstream of the GUG leads to effi- 
cient, Corn-independent expression. When the deletion 
endpoint lies 22 nt upstream of the GUG, mom expression 
is repressed. Additional sequences from 23 to 32 nt up- 
stream of the GUG are required for Corn to overcome this 
repression (see Figure 2). 
One possible explanation for these findings is that the 
mRNA adopts the structure depicted in Figure 3, in which 
identical to (a) except that it was isolated from pTRER2 and carries a 
9 bp deletion in corn (marked by brackets). (c)gives the position of the 
Bsml-Haelll fragment used as primer for reverse transcriptase. E = 
EcoRI, B = Bsml, H = Haelll, and X = BstXI. 
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the mom Shine-Dalgarno sequence and initiation codon 
are occluded. This would result in inefficient initiation of 
translation. The additional sequences upstream of the 
stem and loop required for frans-activation may constitute 
a binding site for an activator protein. The obvious candi- 
date for this protein is Corn. The effect of Corn binding 
could be to induce a conformational change on the 
mRNA, thereby releasing the translational inhibition. 
An alternative model is that the upstream sequences 
might contain an RNAase processing site. Depending on 
the site of cleavage, processing could either inhibit mom 
expression or generate an active mRNA devoid of inhibi- 
tory secondary structure. The role of Corn would be in the 
first case to inhibit, and in the second case to promote, the 
processing event. 
A number of experiments argue against the possibility 
of processing in the control of mom expression. Northern 
blot analyses with mom-/acZ fusion mRNA (Figure 4) and 
phage mRNA (Wulczyn and Kahmann, 1987) as well as 
a primer extension analysis of phage mRNA (Figure 5B), 
indicate that mom is expressed from an unprocessed tran- 
script. This is in agreement with Sl nuclease experiments 
that identified only one mRNA 5’end, mapping to the mom 
promoter (Hattman and Ives, 1984). Taken together, these 
results rule out the possibility that expression of mom re- 
quires Corn-dependent processing of the transcript. The 
alternative, that Corn acts to protect the mom mRNA from 
endonucleolytic cleavage, would predict the formation of 
a new 5’ end under Corn- conditions. No such end was 
found by primer extensionanalysis (Figure 56). We can- 
not, however, formally rule out the possibility that the 
cleavage products are too unstable to detect. Further evi- 
dence against processing is provided by the behavior of 
the corn-/acZ fusion plasmid pComLacZ (Figure 1C). If 
Corn protects the mom transcript from cleavage, then 
corn-/acZ expression from this plasmid should have been 
reduced under Corn- conditions. 
In contrast to the processing model for the dependence 
of mom expression on Corn, the translational activation 
model is consistent with all the results presented here. Of 
particular interest is the evidence that different mRNA 
degradation intermediates are detected under Corn+ and 
Corn- conditions. Under Corn+ conditions a small, preva- 
lent mRNA fragment is observed (see Figure 4). The 3’ 
end of this fragment maps just downstream of sequences 
required for trans-activation (Figures 5A and 3). It is in- 
triguing to speculate that binding of Corn to the trans-acti- 
vation site protects this fragment from 3’-5’exonucleolytic 
degradation. This is reminiscent of the well-documented 
ability of stable stem and loop structures to stabilize up- 
stream mRNA (reviewed in Belasco and Higgins, 1988). 
Specific binding of Corn to the mRNA would explain both 
the absence of this 3’ end in RNA from Corn- clones and 
the appearance of a 3’ end further upstream at the base 
of the next barrier to degradation: a potential stem and 
loop structure at position 888 (Figure 5A). We failed to de- 
tect a similar signal at the base of the proposed stem and 
loop in the mom TIR (Figure 3). The calculated stability of 
this structure, however, is less than that of structures 
known to impede the progress of exonucleolytic decay 
(Belasco et al., 1985; Wong and Chang, 1988; Higgins et 
al., 1988). More sensitive methods will be required to con- 
firm the ability of the stem and loop to form in vivo. 
mRNA secondary structure has been shown to inhibit 
initiation at a number of TlRs (reviewed in Gold et al., 1981; 
Gold, 1988). Furthermore, stem-loop structures have 
been identified as the binding sites for a number of trans- 
lational repressor and autoregulatory proteins-for exam- 
ple, the phage R17 coat protein (Uhlenbeck et al., 1983; 
Romaniuk et al., 1987) the E. coli threonine:tRNAThr li- 
gase (Moine et al., 1988) and the putative ferritin repres- 
sor (Rouault et al., 1988). Repression is presumed to in- 
volve stabilization of inhibitory secondary structure by the 
repressor proteins. We propose that translational activa- 
tion by Corn is mechanistically the opposite of this kind of 
repression. Obviously, binding studies conducted with 
Corn, together with ribosomal “toe-printing” (McPheeters 
et al., 1988) will be instrumental in testing this model. 
One final question pertains to the role of Com-depen- 
dent regulation for the phage. There is no evidence that 
Corn regulates other phage genes, as judged by the viabil- 
ity of corn- phage. We can only speculate on what advan- 
tage might be gained by the cotranscription of mom and 
its positive translational regulator. Corn might serve to de- 
lay the onset of Mom synthesis, relative to synthesis from 
other genes transcribed from Mu late promoters, until a 
sufficient amount of Corn is produced. This might contrib- 
ute to the temporal coordination of Mu replication, phage 
assembly, and Mom-specific DNA modification. Similarly, 
in Mu lysogens the requirement for Corn might reduce the 
risk of inadvertant mom expression and thus protect the 
host from the deleterious effects of this DNA modification. 
Experimental Prowduras 
Strains, Phage, and Plasmids 
C600 is F- b- fhr-7 leuB6 /a&7 supE44 rfhD7 rhi-7 tonA (Appleyard, 
1964). C60O(PlCm) carries a PlCm prophage that is hsdp, (Toussaint, 
lQ76). MC1661 is are0139 A(ara leup397 AlacX74 galV galK- hsr 
hsm+ strA (Casadaban and Cohen, 1960). FtB7Ql is W3110 lacls 
Ls (Brent and Ptashne, 1961). Mu phage used were as follows: 
M~cts62.,+~, which is corn- mom- because of a substitution (Chow 
et al., 1977; Wulczyn and Kahmann, 1967); Mucts62pAp1, which is 
corn+ mom+ (Leach and Symonds, 1979); Mu&&$ApAmrnQ, which 
is corn- mom+ owing to an internal deletion in corn (Wulczyn and Kah- 
mann, 1987); and Mucks62 mom-, which is corn+ mom- (Toussaint, 
1976; Wulczyn and Kahmann, 1967). M13KO7 was used in the genera- 
tion of single-stranded DNA for sequencing (Vieira and Messing, 
1967). 
Plasmids used include pUC116 (Vieira and Messing, 1967) 
pACYC164, and pACYC177 (Chang and Cohen, 1976). Relevant fea- 
tures of pTSVl1, pTSV12, and pTSVl3 am described in the text, the pias- 
mids differing only in the cloning region. pTSVl1 has the sequence GA 
ATT CCC GGG GAT CCC, pTGVl2 has the sequence G AAT TCC CCG 
GGG GAT CCC, and pTGVl3 has the sequence GAA TTC CCC COG 
GGG GAT CCC (Wyckoff et al., 1966). pMu1034 contains the rightmost 
1024 bp of Mu cloned into the Cial-BamHI sites of pBR322; corn 
and mom genes are present in their entirety (Kahmann. lQ63). 
pMu1034AcomQ is identical to pMu1034 except for a 9 bp internal deie- 
tion in corn introduced at the Bcil site at position 893 (Kahmann et al., 
1965). pMuASlC1 is a pBR322 derivative containing the rightmost 
1100 bp of Mu; the Hindii site in Mu (position 1100) has been converted 
to a Bamtfl site (Seiier et al., 1966). pA-3, pA-4, pB-2, pC-2, and PC-1 
are derivatives of the piasmid pDK7A and contain the 6, or rightmost, 
region of Mu. The plasmids contain deletions of various size, intro- 
duced by Eta131 treatment at the Bell site (position 693) in corn (Adiey 
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and Bukhari, 1964). pTCRBAcom7 is a mom operon clone carrying a 
2 bp deletion generated by linearization at the Bsml site at position 836, 
digestion of overhanging ends, and religation (Wulczyn and Kahmann, 
1987). 
Plaamid Conetructlons 
pCom4: The corn gene was fused to the tet promoter of pACYC164 by 
isolating a BarnHI-Haelll fragment, extending from position 1100 to 
752 in Mu. from pMuASlC1 (Seiler et al., 1966) and inserting it into 
pACYC164. The vector was prepared by an initial digestion with Sall, 
conversion to blunt ends by filling in, and subsequent digestion with 
BamHI. corn expression was confirmed by testing the ability of trans- 
formants to complement the Corn- phage Mucts62pApAcomS (Wulc- 
zyn and Kahmann, 1967) in the biological assay for Mom-specific DNA 
modification. 
pTRER1 and pTRER2: EcoRI-Rsal fragments from pMu1034 and 
pMu1034comA9, respectively, were cloned into pTSVl1 cleaved with 
EcoRl and Smal (see Figure 1). Mu sequences extend from the Clal 
site at position 1024 to the Real site at position 325. Sequences from 
the EcoRl site to the Clal site are from pBR322. 
pTRERlx and pTRER2x: As a first step, an amber codon was intro- 
duced into the mom genes of pMu1034 and pMu1034comA9. Both 
plasmids were linearized at a unique B&Xl site; overhanging ends 
were removed with T4 polymerase, followed by insertion of a Xbal 
linker with the sequence CTCTAGAG. Successful insertion of the TAG 
codon in the mom reading frame was confirmed by sequencing, and 
a Mom- phenotype was confirmed in the assay for Mom-specific DNA 
modification. EcoRI-Rsal fragments from a pMu1034 and from a pMu- 
1034Acom9 derivative containing a Xbal linker were then isolated and 
cloned into the EcoRl and Smal sites of pTSVl1 to yield pTRERlx and 
pTRER2x, respectively. 
pTREH1 and pTREHP:EcoRI-Haelll fragments from pMu1034 and 
pMul034comA9, respectively, were cloned into pTsV12 cleaved with 
EcoRl and Smal (see Figure 1). Mu sequences extend from the Clal 
site (position 1024) to the Haelll site (position 752). Sequences from 
the EcoRl site to the Clal site are from pBR322. 
pTRC-2 was constructed by conversion of the BamHl site of plasmid 
PC-2 to an EcoRl site with the use of adaptors using the protocol devel- 
oped by Haymerle et al. (1966). This allowed cloning of a BamHI-Haelll 
fragment from PC-2 into the EcoRl and Smal sites of pTSV11. Mu se- 
quences extend from position 864 to position 752. 
pTRCBl was constructed by digestion of pTRC-2 with Bsml and sub- 
sequent removal of overhanging ends, followed by digestion with 
EcoRl and isolation of a 41 bp fragment extending to the Bsml site at 
position 838. This fragment was cloned into pTSV11 cleaved with EcoRl 
and Smal. Mu sequences extend from position 664 to position 838. 
pTRCBll was constructed by partial digestion of pTRC-2 with Bsml 
and subsequent removal of overhanging ends, followed by digestion 
with EcoRl and isolation of an 89 bp fragment extending to the Bsml 
site at position 790. This fragment was cloned into pTSVl1 cleaved with 
EcoRl and Smal. Mu sequences extend from position 864 to position 
790. 
pTRFA1 contains a Fokl-Alul fragment (positions 842 to 724) from 
pMu1034 cloned into the Smal site of pTSVl1. 
pTRMA1 contains a Maelll-Alul fragment (positions 858 to 724) from 
pMu1034 cloned into the Smal site of pTSVl1. 
pTRMAA2 is identical to pTRMA1 except that the Maelll-Alul frag- 
ment (positions 856 to 724) used is derived from pTCBBAcom7 and 
thus carries a 2 bp deletion (positions 836 and 837). 
pTRB-2 and pTRC-1 were constructed by digestion of pB-2 and PC-I, 
respectively, with BarnHI, conversion to blunt ends with Klenow frag- 
ment, digestion with Alul, and cloning of appropriate fragments into the 
Smal site of pTSVl1. Mu sequences in pTRB-2 extend from position 832 
to position 724, and those in pTRC-1 extend from position 822 to posi- 
tion 724. 
pUCC142 contains the mom operon from PC-1 on a BamHI-EcoRI 
fragment cloned into the polylinker of pUC118. This places the mom 
gene under the control of the lac promoter. The 5’ end of mom se- 
quences (position 822) was confirmed by sequence analysis on 
pUCC142 to be that reported by Adley and Bukhari (1984). 
pComLacZ was constructed by partial digestion of pMu1034 with 
Bsml and subsequent removal of overhanging ends, followed by diges- 
tion with EcoRl and isolation of a 257 bp fragment extending to the 
Bsml site at position 790. This fragment was cloned into pTSV13 
cleaved with EcoRl and Smal. which fuses the corn reading frame to 
/acZ. 
Plasmid DNA isolation, digestion with restriction endonucleases, 
filling in 5’ overhanging ends with Klenow fragment, digestion of 3’ 
overhanging ends with T4 polymerase, ligation, and transformation fol- 
lowed standard procedures (Maniatis et al., 1982). The DNA se- 
quences at the mom-IacZjunctions, as well as the S’endpoints of mom 
sequences, of plasmids pTRC-2, pTRCBl, pTRCBII, pTRFA1, pTRB-2, 
pTRC-1. pTRMA1, and pTRMAA2 were determined by the method of 
Sanger et al. (1977). Sequence analysis was performed either on 
double-stranded plasmid DNAor on single-stranded DNAfollowing the 
cloning of appropriate restriction fragments into plasmid pUC118. 
Northern Blot Analysis 
RNA was isolated from logarithmic-phase cultures (1 x 109 cells per 
ml) in dYT (Miller, 1972) by the hot-phenol method of Aiba et al. (1981). 
Procedures for electrophoresis in MOPS-formaldehyde gels, transfer, 
and hybridization were as previously described (Wulczyn and Kah- 
mann, 1967). 
!3-Galactosidase Assay 
!3-Galactosidase activity was determined essentially by the method of 
Betz and Sadler (1976); a detailed protocol was kindly provided by Allen 
Koop and Suzanne Bourgeois. The values presented are from a repre- 
sentative experiment and are an average of the results from two inde- 
pendent cultures. 
Biological Assay for Mom-Specific DNA Modification 
To determine the Mom phenotype of plasmid pUCC142, the plasmid 
was transformed into RE791 cells lysogenic for the Corn- Mom- 
phage Mucts62,,,. Prophage were induced in the presence of 1 mM 
IPTG, and the resultant phage lysate was titrated on C600 and 
C600(PlCm) indicator strains. The e.o.p. (titer on C600(PlCm)/titer on 
CSOO) was determined. Mom modification protects infecting phage 
from restriction by the PI endonuclease. An e.o.p. of <10e4 indicates 
a Mom- phenotype,‘an e.o.p. of >lO-z a Mom+ phenotype (Toussaint, 
1976). 
Sl Mapping 
Sl analysis was performed essentially as described by Maniatis et al. 
(1982). In brief, 5 ng of RNA was hybridized to 100 ng of fragment 
(-150,000 cpm) for 3 hr at 42%. Digestion with nuclease Sl (Bethesda 
Research Laboratories) was for 30 min at 37% with 100 U. Reaction 
products were analyzed by electrophoresis in a 6% denaturing poly- 
acrylamide gel. Fragments carrying one 5’ overlapping end and one 
3’ overlapping end were labeled exclusively at the 5’ overlap using 
AMV reverse transcriptase (Genofit) following the manufacturer’s 
recommendations. For EcoRl ends the reactions contained only [a- 
32P]dATP and were chased with dATP and dTTf? Bell ends were la- 
beled with [a-32P]dATP in the presence of dGTP and were chased 
with dATf? 
Primer Extension Analysis 
Primer extension was performed as previously described (Balker et al., 
1989) except that the reaction was carried out with unlabeled nucleo- 
tides. Incubation was at 37°C for 1 hr. The primer was labeled at the 
Haelll end with [u-~*P]ATP The same primer was used to sequence a 
mom Ml3 clone by the dideoxy chain termination method. Reaction 
products were analyzed by electrophoresis in an 8% denaturing poly 
acrylamide gel. 
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